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I.  INTRODUCTION 

This semi-annual technical report on the research 

program entitled "Long Range Materials Research," covers 

the period June 1, 1974 through December 3], 197A. This 

program is composed of four separate programs as follows: 

1. Detection of X-R.iy Radiation 

2. Superplasticity and Warm Working of Metals 
and Alloys 

'i.  Synthesis of New Types of Catalyst Materials 

A. Development of Elevated Temporalure Electro- 
crystallization Techniques 

Progress in each of the subareas during this report 

period will be described separately in the succeeding 

sections of this report. 

-2- 
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II.    DETECTION OF X-RADIATION 

K 

C. W. Bates, Jr. 

Associate Professor of Materials Science 
and Engineering 

and Electrical Engineering 
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11.  DETECTION OF X-RADIATION 

1.  Introduction 

The work in our laboratory is aimed at determining the physics of the 

luminescence phenomena associated with activated and unactivated alkali halide 

crystals which are used as particle detectors in high energy physics1"9, x-ray 

•sensors In astronomical observations10 and in the medical field in x-ray image 

intenslfiers used in diagnostic radiology11.  Our work is currently concentra- 

ted on unraveling the luminescent mechanism in Csl(Na). at present the most 

efficient alkali x-ray converter (x-ray photons to blue light photons).  During 

this report period we feel that we have made a significant breakthrough in 

determining certain aspects of this mechanism. 

2-  Optical Properties of Csl and CsJ(Ka) 

Initially it was felt that :here was a fundamental luirlnescence P:: room 

temperature associated with pure Csl.  however as higher purity materials be- 

came available. It became obvious that this luminescence could be aHsoclated 

with trace Impurltltes fluch as thallium or sodium or that the crystal had been 

deformed or strained in some fashion.  The work of Towy.-.ma12 has shown that 

there is a luminescence peaking at 300 and 415 nm upon excitation by beta rays 

i. specimens of Csl which have been heated In air at 50()oC for one half an 

hour and then quenched on an aluminum plaue to room temperature. 

A question that arises in connection with this work is the amount of 

-/4. 
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impurities in the speciinens UF«>d. Towyama states that the crystals were pre- 

pared by the vacuum Bridgman method without subsequen». refining.  Further, his 

emission spectra at room and liquid nitrogen temperatures look suspiciously 

like the spectra we nave obtained for films of CsI(Na) prepared under various 

conditions, such as mole percent of sodium and heat treatment after the film 

has been evaporated oato suprasil-quartz substrates.  We have examined "re- 

search pure" crystals of Csl from the Harshaw Chemical Company which they pre- 

pare by a proprietary process.  They examine 3" to 4" thick specimens of this 

material in emission spectroscopy to check for impurities and find none.  Dr. 

Carl Swinehart of Harshaw informs me that these are the purest crystals of 

Csl that he has ever examined. We examined three of these crystals (1/2" x 1/2" 

x 2mm) and found no emission at room temperature from two of them and a very 

weak emission from the third one which was just above the noise level with our 

excitation and emission apparatus adjusted for maximum sensitivity. A differ- 

ence in the handling of these three crystsls could have produced this result. 

However one can begin to say ^ith some assurance that there Is no (very little) 

room temperature luminescence from Csl. 

CsI(Na) on the other hand has a room temperature emission with \        at 
' max 

425 nm with a narrow excitation band centered at 2'52 run. That this is the only 

emission was checked by looking for different excitation spectra for wavelengths 

e 
under the emission curve with A   at 4250 A.  None was found. At liquid nitro- 

max 

gen temperature an emission at 340 nm appears which is most efficiently excited 

in the excitonic region around 215 nm, the emission at 425 nm being considerably 

reduced over that at room  temperature. Uponi heating the "research pure" Csl to 

500 C in dry nitrogen and cooling to room temperature In about 8 hours we were 

able to reproduce the excitation and emiaslon spectra For Csl(Na) at room and 

-•>- 
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liquid nitrogen temperatures very closely i.e., A   is 430 nm instead of 
max 

425 nm and the excitation spectrum has its maximum at 245 instead of 252 nm. 

At liquid nitrogen temperatures the 340 nm emission is excited most effi- 

ciently at 220 instead of 215 nm.  Unlike Towyama we did not have any emis- 

sion at 300 nm at room temperature.  The spectra are the same as regards 

shape and intensity for measurements made on equally thick samples (2mm). The 

"research pure" Csl spectra was slightly broader. 

Our heat treatment of the "research pure" Csl cannot be considered an 

annealing process .  We must then assume that our treatment resulted Jn the 

production of a large number of vacancies. The suggestion then follows that 

sodium in Csl introduces vacancies.  To the best of our knowledge this Js the 

first ixperiment to demonstrate this effect in this manner. Othar treatments 

*  have drawn the analogy with Csl doped with divalent cations which exhi- 

hlt similar but not identical luminescence. These divalent cations must intro- 

duce alkali cation vacancies for charge neutrality. The addition of divalent 

cations to Csl is difficult and involves the risk of mntamination.  Our re- 

sults have involved only the use of ultra pure Csl without the addition ol any 

impurities and we have reproduced the Csl(Na) spertra as regards shape inten- 

sity and temperature dependence of the emission ar 425 nm. The differences ob- 

tained with the divalent cations from that with sodium are to be expected as in 

order to get any effect we must have on the order of 200 ppm of divalent impur- 

ities, whereas with the sodium 6 ppm is optimum. 

* To properly anneal Csl one raises the temptrature 1 degree per iiour from room 
temperature to 500<>C and then lowers the temperature to room temperature at 
the same rate.  We are grateful to Dr. Swlnehari lor conveying this Informa- 
tion to us. 

-6- 
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III. SUPERPLASTICITY AND WARM WORKING 

OF PLAIN HIGH CARBON STEELS 

0. D. Sherby 

Professor of Materials Science 
and Engineering 

and 

J. C. Shyne 

Professor of Materials Science 
and Engineering 
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A•     Dgggj^ggBgnt of SuperpLastlc Ultra-Hi^h-Carbon Steel_s_l^ Special Therma 1 
Mec hanie a1 Processlng 

()k;g  Ü.   Sherby,   Hruno Walser,   Conrad  M.   Youn}',  .ind  Eidon M.   Cady 

i ■     IntroducL ion 

For many applications,   the  ideal   structural metallic material  needs   tin- 

following  qualities   for  its  fabrication,   application and  extensive  use.      During 

fabrication   it   should  be capable  of   deforming   to laige  strains  without   cracking 

and under  small  externally applied   forces   for minimum expenditure  of   energy. 

For  final   use as  a structural material   it   should  be  strong,   tough   and   possess 

high ductility.     The  third  important   requirement   is  that   it   should  be   Inexpen- 

sive.     Such a  combination of  properties   is  not   generally   ichuva.le   In  most 

metallic  systems and  it   is the objective of   the materUls scientist   and  engineer 

to  reach   such  Utopian  goals.     We   have  obtained   the above  sought   For   properties 

in ordinary   steels containing carbon  as   Lite only principal   alloying  cleinenl ; 

other  elements   like- manganese,   silicon,   and   sulfur are  preHenl   al    the   same  con- 

centration  as   in  scrap  steel.     We   found   the  desired  properties   by   adding   a 

higher  carbon  content   (1.3  to  2.3%C)   than   is normally used   industrialIv   for making 

plain  carbon  steels  and we  have developed   unusual   and  special  processing  operations 

to  obtain   the  desired  final microstructure. 

Steels   containing   1.1   to   2.3%   carbon   have   rareiv,   il   ever,   been   considered 

lor  broad   Industrial   applications.      Such   steels would  be  classilied   between  what 

is  known  as   high  carbon  steel   (■    \. \ '/(:)   and   cist    iron   (■     l./'/.C).      Normally   Ihey 

are  considered  as  potentially   loo  brittle   for  ambient   temperaLure  npp I ie.-it Ion 

and   their   high   temperature characteristics  apparently  have  not   been   explored. 

It   Is   steels   in  this  very composition   range   that  we  have made  superplastic  at 

warm temperatures   (0.4 to 0.6T    where  T     Is  the absolute melting  temperature) 
m m 

-9- 
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and strong and ductile at room temperature. 

The concept of adding large amounts of carbon, in the form of cementlte, to 

steel and the development of special thermal-mec'.ian i CM! processing procedures 

towards the attainment of uniqu • properties and mlcrostructure were conceived and 

developed by us at Stanford.  We wisli to point out, however, that the special 

structures we have created may possibly have been produced, perhaps accidentally, 

over 1Ü00 years ago.  The damascus steels of ancieni Persia and India, also called 

bulat steels, are known to have high carbon contents, commonly 1.5 to 2.0% carbon. 

The high quality of these steels is well i'StahlIshed.  Their manufacture, however, 

appears to be a forgotten art and there is considerable uncertainty with regard to 

the origin of th' "damask" or "watering" structure observed visualIv on the surface 

of damascus blades and swords.  Many of the early raetallurgistH speculated In deptii 

on the possible relation of the visual structure obtained to the corresponding mech- 

anical properties.  Much speculation centered on the possible importance of melting 

procedure, rate of cooling, purity content and mechanical treatment on the resulting 

properties and structure; apparently the only common point of agreemenl on the pre- 

reijulsltes for a good blade or sword was that the carbon content should he high. 

CI 2) 
Smith and Kelaiew     cover the controversy on these steels in detail.  We would 

like to relate the following remarkable historical documentation on damascus (bulatl 

steels.  P. Anasov, a major-general in the Russian Army and super i nt endeiit ol the 

Zlatoust Steel Works in the Ural mountains, devoted his whole life to trying to 

understand how hulat steels were made by the Persians and Indians.  lie wrote a 

treatise on this subject, apparently a life-time study, entitled "(>u the Halat", 

(3) 
in IK41   .  His enthusiasm for such high carbon steels prompted him to forecast 

thai "- -our agiIcul Uiral laborers will till the soil with damascene ploughshares, 

oiii  ill isaus will use tools fashloiU'il of damasreue steel, and damascene steel will 

10- 
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supersede all steel „ow employed for the manufacture of articles of special 

hardness and endurance".  Apparently his enthuslasn, for such steels was not 

shared by contemporary steel industry for no new ultra high carbon steel., 

seemed to have appeared on the technological scene, at least not in large 

quantity.  It is, thus, with some trepidity that we share. Anasov's enthusiasm 

of a century and a quarter ago^.  Perhaps our new findings, based on our 

ability to control the microstructure and based on our understanding of 

deformation mechanisms and processes at elevated and low temperatures, will 

iead to a permanent use tor ultra high carbon steels for „.any technological 

applications.  The following is a description of our results which Is to be 

the basis of a patent that we have submitted to the patent office at Stanford 

University. 

2.  Suj^ei^lastici ty in Ultra Hi£h j;arbpn Steels 

Our motivation for considering ultra high carbon contents in steels was 

primarily to increase its ease of formabllity at warn, temperatures.  Research 

- -1<-1 alloy systems^ ha„ reVealuc] tll,lt (.,rt;,in |)r(,ri,(111, s,, (,s ;m, ,LMl(>|,l||v 

"reeled for superplastic behavior and high formablll. y ai warn, temperatures. 

These are: fine stable grains with equlaxed structure and two phases with each 

Phase having about the same strength at the working temperature (generally about 

10 to 50 volume percent of second phase).  It is ou. contention that these attri- 

butes exist in hypereutectold steels if one is able to produce the second phase 

(cementite) in fine spheroldized form.  Such line s.-heroid 1.ed structures have 

been developed for a eutectoid composition steel (O.BZC) and some researchers(7'8) 

have attributed superplastic behavior to It.  We do not concur with this conclusion 

since only about 1001  elongation was observed In slow rate tension tests.  We have 

also worked extensively with such carbon steels and have no, been able to make it 

-11- 
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superplascic(9'10).  We define a material as super,, last h If the strain rate 

sensitivity exponent, m, in the relation a = K^, (n is the flow stress, r is 

the strain rate and K is a material constant) is equal to or greater than 0.. 

and elongations in the order of 500% are achieved.  We believe that one 

reason why a eutectoid composition steel cannot readily be made superplastlc is 

Hue to the ease of grain growth at w .rm temperature, (i.e. at temperatures 

around 650°(;).  It is well established that the tendency for superplastlc Mow 

diminishes with an increase in grain size.  Thus grain growth Inhibits super- 

Plasti. ity.  A eutectoid composition steel contains ..bout 12 volume percent 

'■"""•'"i'"-  '-.erally, superp 1 ast ic i , v is enhanced Wl en , h. volume Iraciion ol 

so.-oncl phase i. in-reased.  This is partly because gral. growth is made more 

^ifricult and parti, because more phase boundaries are introduced and these can 

nontrlbute to plasl ic  low by grain boundary shearing, a mode of defonna. ion which 

apparently dominates the superplastlc flow process.  Our new idea was to work with 

steels containing 1.3% to 1.9% (20 to 29 volume percent .ementite) and we have been 

able to prepare material containing one micron size grains which remain fine «luring 

Plastic flow at wann temperatures.  Such materials exhibit high values of the strain 

rate sensitivity exponent, m. in the order of 0.4, and elongations approaching 500% 

when tested high in the lerrite range (650oC, T = . VIJ.  Such elongations were 

■":hi,'vt-d '" l^t« IH-rtor d at strain rates as high as In  per minute. 

Several methods ol developing Hue st n.cinres will he described lale,.  The 

fine spheroidlxed structures aUalnablc In ultra 1,1,1, ca, ban steels by our specially 

developed processing methods are illustrated In Figure I.  As can be seen the 

massive .-ementite phase present in the original castings is broken up by extensive 

working of the steels at warm temperatures.  An example illustrating the super- 

plastic behavior of the ultra high carbon steels, when in fine spheroidi.ed form. 

12- 
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1.6 %  CARBON STEEL 

5/um 

AS-CAST 

\ ; 

AFTER WARM WORKING 

1.9 % CARBON STEEL 

■*f*>C 

AS - CAST 

Syum 

AFTER WARM WORKING 

Figure 1.  The above carbon replica electron photomicrographs Illustrate the 
influence of warm working on the breakup of the original massive cementitc 
particles in cast ultra-high carbon steels (left photomicrographs).  Extensive 
warm working yielded a fully spheroidized structure in the 1.6% carbon steel 
(upper right).  Considerable refinement of the structure also occurred in the 
1.9% carbon steel (lower right) by warm working but because it was not as ex- 
tensively worked some cementite plates are still present. 
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is shown   in  Figure  2.     As  can be seen   these  steels exhibit  very  hlßh  ductility 

at  650oC.     An  example of a  1.9%C ste.il   twisted  rapidly   (in  5 seconds)  nl   650oC 

is shown   in   Figure   3,   revealing uniform  plastic   flow with  no   fracturing.     Such 

behavior would   suggest   that  superplastic-like  deformation  mechanisms are   taking 

Place   in  these  ultra  high  carbon  steels.     We  have  examined   the mlcrostructure  ol 

our material   after  extensive  plastic   flow and   have   found   that   the  grain   size 

remains   fine  and  equlaxed.     An  example   for   the   \.97X  steel,   using  transmission 

electron microscopy,   is  shown  in  Figure  4,   where   it   can  be  seen  that   the  grain 

si/.e  ol   the   territe  matrix   is   equlax-d   and   equal   to   aboul   2 microns.      The   bulbous 

nature  ol    the   cementile   particles   Is   reflective   of   (he   high  degree  ol   mobility   ..I 

this  phase  at   65ü0(; allowing   it   to nccomodate   to   the   large  change   in  sample 

geometry   from  plastic   straining.     Such   behavior   is   typical   of   superplastic   two 

phase alloys  "    .      it   is our  belief  that   the presence  of manganese and  other 

impurities   (e.g.,   silicon)   at   the levels   common   to  commercial   t-neels assist   the 

spheroidlzed cementite  in maintaining  the fine grain  size of  the  iron and   thus 

its superplastic  properties. 

We were  not   able   to  achieve m values  as   high  as   ().'.   i,,   the   ferr 1 te-cement I to 

range ol   temperatures,   a  value generally  asso. lated  with  perfect   superplastic 

behavior.     This   suggested   (hat   we  had   „ol   quite  opt i mi zed   ellber  inn   micn.sl niclure 

or  our  conditions  ol    testing.     We  know   that   another   Imporlanl   variable   1..   supei 

plasticity   ol    two   phase   metallic   systems   is   the   relative   strength  ol    each   ol    the 

two phases.      It   the  second  phase   (cementite   in  our  ease)   is  hard  the material   will 

not  be  superplastic.     The  strengths of   the  two  phases  should  be nearly   the  same 

at   the   temperature  where   superplastic   flow  is  to occur       .     The   hardness  nl 

cementite   is  not   known  as  a   function  of   temperature   but  we  know   it    is   readily 

delnrmable  at   h'jO0!:.     We   speculated   that   cementite may   be   somewhat   harder   than 
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UNDEFORMED   SAMPLE 

GAGE 
LENGTH 

1.3 %    C     STEEL 

470% 

1.6%C    STEEL 

I 

340°/. 

1.9 %C     STEEL 

l l L. 
0 2 

J L_l I L 

8 I0 I2cm. 

Figure 2.  Superplastic flow of ultra high carbon steels at 650oC, deformed 
at an engineering strain rate of 1% per minute. 
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1.9% carbon steel: warm 
rolled   to a plate at 
650oC(1200oF), then 
twisted at 650oC (12000F). 

Figure   3.     The above  photograph  illustrates  the  ease of  twisting a   sample of 
superplastic   1.9% carbon  steel  at   f)50oC. 
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Figure 4.  Transmission electron micrograph of spheroidized 1.9%C steel 
after 100% elongation at 650oC, deformem at 1% per minute.  The fine 
equia-.jd grain size of about 2um and the bulbous shape of the cementite 
is typical of supcrplastically deformed microstructures. 
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the ferrite .atrix at 65()°C and decided to study th. .eci.anlcal behavior o. our 

ultra high .arbon steels at 800"c.  At this temperature, iron has transformed to 

austenlte with a strength about equal to ferrite at eSO'^W cen.enti.e phase, 

however, should be considerably weaker due to the normal effect of temperature on 

strength.  The grain size of the transformed austenlte should be very fine and 

there should be sufficient cernentite remaining to stabilize the grains during 

superplastlc flow.  The volume fraction of cementitu at HOfTc need not be as high 

as at 650«C because grain growth is inhibited in austeni.e by the low rate of iron 

self-diffusion in the close packed face-centered cubic structural  As we ex- 

pected, our ultra high carbon s,.els exhibit superplastlcity in the gam.n-ccmentite 

-«e at 800=C(T=0.6Tm) with mealing 0.5.  Eve Igh defon^at .„n rates 

"- steels exhihi, high ,„ values; a, an engineering strain rate ol 100 „er m.nute 

we were able to obtain tensile elongations up to 170%. 

Our findings thus indicate that ultra high carbon s.eels (0.9 to .'.,;/.:) can be 

exceptionally formable a. warn, temperatures.  These steels can be worked extensively 

(and our rolling experiments reveal this dea.ly) i , the ferrite plus cetnentite 

range (600 to 720»C, and even as low as 500^.  Shaping at such temperatures has 

the added advantage that very little oxidation occurs during working with very 

little buildup of an oxide scale.  Shaping of our ultra high carbon steels low in 

the gamma plus cumentlte range (720 to 900»C) is slightly „.ore advantageous e«  

"-My for the manufacture ol complex shapes since i, Is nearly perfectly super- 

,,1;,Kt,r "'•n-  Tl'1, '-l-a.un. Is higher, however, which leads ,., sllgiulv hlghe, 

surface oxidation as well is tn nn i la . i        i  , 
' M •IS IO an ridded expense In beating. 

i.  Development of Uhra Kine Kciuiaxed Structures 

An -sen.ial feature ol superplastlc materials Is that they exhlbl, an „hra 

Mne equiaxed structure with grain sizes in the order ol one micron.  This. ,  

-14- 
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was the task facing us in our attempt to develop fine equlaxed structures in our 

ultra high carbon steels.  Once developed they are then ready /or superplastic 

forming either in the fer rite or austenite range of temperatures. 

We have developed several methods of obtaining fine spheroldized structures 

of cementite in a matrix of fine ferrite grains.  Among them are 'he following: 

First Method 

In a "first method" for forming the ultra high carbon steels of the present 

invention, a steel plate, billet, or any ether form of steel, is first homogenized 

in the gamma range by heating to a temperature at which substantially all of the 

carbon present in the cementite is dissolved in the austenite (gamma iron) matrix. 

A suitable temperature lor this purpose is on the order of 1100 to 11SO'C.  By 

relerence to the iron-carbon phase diagram, it is apparent that with a carbon con- 

tent in substantial excess of 2%, the carbon conteni Is loo high to he completely 

dissolved in the austenite.  As defined herein, homogen Ixation will inclnde heating 

a steel with a carbon content in excess of 2%  to a temperature high in I he gamma 

cementite range (e.g., 50oC below the molting point of n470C).  The purpose of 

homogenization is to place the carbon and other elements present into a relatively 

uniform solution.  This assists in the formation ol ., uniform line grained iron 

structure after working. 

In a second step according to the first method, the steel plate IH then raech- 

•ini.ally worked In the gamma range to break up the ■ .isi •liuctuie.  This is an 

optional step.  As delimd herein, mechanical working im Indes roiling, forging, 

extrusion, or any other procedure which subjects the steel to sulficieni deformation 

to form the aforementioned microstructure. The purpose of mechanical working in the 

gamma range is to accelerate homogenization and refine the austenite grains which 

mlghl otherwise tend to agglomerate and form larger grain structure.  This may 

-'-  ---■  ■■■-.-■.:-    ■■■-J' 
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reduce  the  requirement   for subsequent   mechanical  working   to  accomplish  the 

desired  fine «rained  structure with spheroidized  cementlte. 

In  the  next   step.   th.  steel  plate  is mechanically worked  to a  substantial 

extent during cooling  f^ugh the gamma-cementite  range.      rt   is preferable  that 

such wording  be continuous.     This working comminute«  the  pro-eutectoid  cementlte 

Into a  finer  spheroidized   form as  it   is precipitated   from  solution.     Mechanical 

working also  contributes   to  refining   further  the  austenlte  grain.     The   level   of 

mechanical  working  varies  depending upon a number  ol    factors   Including  the  prior 

processing history of the steel.     A typical  amount  ol   deformation   in  the garama- 

cementite  range   Is  a  true  strain  level   (, )  on  the  order  of   1.5.     A prad leal 

measure  of   such  strain   is   the deformation  produced   daring  a   size   reduction  of  a 

5:1   ratio. 

In  a  final   step  of   the   first   method,   the steel   is  again mechanically worked, 

as  by   rolling,   at  a   temperature  high   in   the  ferrlte-cementite   range.     Strains  of 

th.   foregoing  order of magnitude  are  employed   in  this   temperature  not  only   further 

'"   M'heroldi.e   the  cementlte  structure   but  also  to   ...due   the   sl.e  of   the  pearllte 

Ktn.cn.re   formed   during   the   gamma-a I „ha   transformation.      Temperatures   employ..!   for   such 

,!,,", i'V"   W,,"<i">'   ;,r,•  "' r'^   •"■   500   to   mrr.        Al    the   lower   end   ol    the   range 

t!"-   ^-•i   '-"  Possibly alligator.     Accordingly,   I,    i*  preferable   that   this  mech- 

anical   working  take  place  above   this  temperature  as   in   a   range   from  600   to  720"(:. 

A steel   formed   in  accordance  with   the  foregoing  process   includes an   iron 

grain matrix  with uniformly dl   p-rsed cementlte.     The   Lron  grain   is  stabilized   in 

a  predominantly  equiaxed   line  gained configuration.     The  cementlte   is   i„  predom- 

inantly  spheroidix.-d   form  at   cold   to  elevated   temperatures.      For economy  of 

operation  and   uniformity  ol    the  microstrueture.   It    is   preferable   to mechanically 

^   ","  '■ '   ,",", •"••,V   ,r"",   "•"'l-ratures   ,n   thl.  ga.mna-cemen, 11 e  range   through 

If.- 
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teuperature.s  high  in  the  alpha-cementite   range. 

In  a  "first  alternative method",   the mechanical   working  in  the alpha-ccmenl l.te 

range   is  eliminated  so   that   the  primary mechanical  working   is   in   the  gamma-cementIte 

range.     The   result    of  this  procedure   is as   follows.      During mechanical   working   In 

the  gamma-cementite  range,   essentially all   of  the  cementite   is  converted   to   the 

spheroidized   form.     However,   during   transformation of   the   iron   from   the  Kamm,   to 

the  alpha   form on  coo:ing,   the  austenlte  containing  dissolved  carhon 

is converted  to  ferritc plus additional   cementite   In  non-spheroldlzed   form,   typically 

l>iates.     As  set   forth above,   It   is   Important   that   essentially all   of  the cementite 

be   in  spheroidized   form at   the   temperature of   fabrication   in  order   for   the  steel   to 

be  highly plastic at that   temperature.     Accordingly,  at   temperatures below the gamma- 

alpha   transformation   (723*0   the presence of   substantial   non-spheroidi .e.l  cementite 

greatlv  reduces   tlu   plasticity of   the  steel processed   in   accordance  with   tins 

alternative  procedure.     However,   by   heating  the  stcl   to  a   temperature  above   the 

alpha-gamma transition   (7230C)  most  of non-spheroidix.ed cementite and all   oi   the 

alpin   iron   is   reconverted   to  austenlte   iron  containing  dissolved   carbon  with  n 

1;,"■'■ I""""" "I   "u.  remaining cememite   in spheroid Ixed   form.     This material   is 

again   rendered   BuperpIuHtIc. 

The  first alternative method   is  to  be contrasted   to   the   first   method   in which 

the  steel   is mechanically worked  in  the alpha-cementlte  range.     m  the  first   method, 

essentially all  of   the cementite which   is  present   i,,  the  steel   in  the  alpha-cementlte 

range   is  converted   to  spheroidized   form.     That  steel    is   superplastlc   at   typical 

temperature of  fabrication  on  either  side of  the gamma-alpha  conversion   (e.g., 

60ü-90noC). 

We give  an  example „I   i ho   type  of  mlcrostruclure and  meehanlcul   properties 

"'"■'''"•,l   l,V   ,lu'   ""'^ •""■'"''•'■'I   processing  dcHcrlblug   as   the   Mrs,   mothod.      A 

-17- 
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casting of  the  1.3%C steel was  heated   to   LISO'C  for  60 .inute« and   then was   rolled 

continuously,   in   twelve passes,   at   10% per pass,   to a   true  strain   to   1.2.     Since 

the  original   casting  cooled during  rolling   it  exopri.w,. i    i   r •        • &  >    Lxxng ic  experienced   deformation   in   the  gamma 

range  as  well   as  garama plus  cementite   rante.     When  a  temperature  of  650oC was 

reached   it   was   rolled   isothermally  in   this  ferrite  plus  cementite   range  to  an 

additional   true strain of  1.2   (again,  at   10% per pass).     The  mlcrostructure of 

the  warm  worked  steel,   given   in  Figure   5,   revealed   .   fine  spheroldi.ed   struccure 

with   ferrite  grains  in   the  order  of  one micron  and   less.     The   room   temperature 

properties  of   the material,  were  as   follows:   (])   the  Rockwell   "c"   hardness of   the 

Plate  was   34,   and   (2)   tensile   tests   revealed   a   yield   strength  of   U7   ksi.   an   ultimate 

ensile  strength of   182  ks,   and   tensile  elongation  „,   7.   (one   inch  gage   length  sa e) 

'■I-   "'Kh   .emperan.re   properties   reveal   .his  .„aterial   to   he   superpla«, i.-   wi.h   482^ 

('l(,l,^,l,,"  ^   l1---"--"   6^c: „hen deformed at   a    itraln   rate. .e „en-en,   per 

mi nut e. 

Second Method 

In  a   "second method",   the  steel   is   treated   in  a  manner  similar   to   the   firs, 

method  including  homogeniZation   in  the  gamma  range and  mechanical   working   in   the 

gamma-cementite  range.     The details of  these procedures  are   Incorporated  at   this 

point   hy  reference.     Thereafter,   at   a   temperature   l„w   in   the  gamma-cementtte   range. 

(-«-.   750-850-C),   the s.eel   plate   is   rolled   isothermally   to   form a  fine .rained 

iron.      Since   this  steel   is  highly  ph.stic  at   such   temperature,    it   can   he  worke.l 

Pensively without   cracking.     Thereafter,   the  steel   ,„av   he  processed  according   U, 

conventional,   techniques.     For  example,   the   rolled  casting  can   he air  cooled   to   room 

temperature   for  storage.     The mlcrostructure of  this  rolled   steel   includes   fine 

pearllte with  spheroidized  cementite.      Isothermal  working at   800oC has   the  advantage 

that   refining  of   the   iron  grain  and  spheroidi.ing ol   the  cementite occurs  a.   a 
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Figure  5.     Carbon replica photomicrograph illustrating  fine spheroidized 
mxcrostructure in a  1.3%C steel as obtained by extensive warn working 
followi, Z  the procedure  described  in  the  first method. 
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Figure 6.  Carbon replica photomicrograph illustrating proeutectoid 
oementite and pearlite in a 1.6%C steel after extensive working in 
the gamma-cementite range.  The steel was processed as described in 
the second method. 
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Figure 7.  Carbon replica photomicrograph illustrating a 1.6%C steel 
processed in the same way as described in Figure 6 except for additional 
working in the alpha-cementite range. 
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Figure 8.  Carbon replica photomicrograph illustrating the fine spheroidized 
microstructure obtained by extensive working at 550oC of a quenched and 
tempered 1.6%C steel as described in the third method 
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and cold working is repeated several times until ttu- desired total deformation is 

accomplished. 

It is apparent that both the fourth method and the alternative fourth method 

require longer times and more careful control than ihe first, second and third 

methods.  Thus, in general, the first three methods are preferable ones. 

An example of the type of product obtained by the fourth method is given for 

a 1.3%C steel.  The original casting was heated to 1100o(' for 90 minutes and 

subsequently quenched in water.  It was then annealed at 700o(: for 4S minuter, air 

cooled and cold rolled to a strain of 0.3.  It was ugaln annealed at 70()"(; for 30 

minutes, air cooled and further rolled at room temperature to an additional strain 

of 0.5.  A final annealing treatment at 700oC for 30 minutes was given in order to 

recover the cold worked structure.  Figure 9 illustrates the fine structure obtained 

by this cyclic annealing, cold-working and annealinr, treatment of a high carbon steel 

quenched from the gamma range.  This material is relatively soft (Rockwell "C" 20) 

because of the high annealing temperature in the alpha plus cementite range. 

Ki ft h Method 

In a "fifth method", a steel billet Is first homogenized In the gamma range and 

mechanically worked in the same range to break up the cast structure.  As set forth 

in the section on the first method, mechanical working in the gamma range is optional. 

It accomplishes acceleration of material homogenizal Ion and so may be referred to as 

"mechanical homogenization". 

After mechanical working in the gamma range, the worked structure is cooled 

directly to a warm temperature in the alpha-cementiie range and mechanically worked 

at this temperature to form a fine structure of spheroid I zed cementite in a flue 

grained iron matrix.  I,, essence, this procedure ac, omplishes the total deformation 

required for this purpose In the alpha-cementite range rather than In a eomblnallo,, 
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Figure 9. Carbon replica photomicrograph illustrating the fine spheroidized 
structure in a 1.3%C steel obtained by repetitive cold working and annealing 
treatments as described in the fourth method. 
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of gamma-cement Ite and alplia-cementi t:e range as set iortli in the first and second 

methods.  Suitable warm working temperatures in the alphc-i range .ire from a iniiimnm 

ot 500oC to the transfomiation temperature (7230C) .ind preferably at least 600oC. 

In an alternative to the fifth mi'thod, mechanii ;il wcrking m;iy be accompl Isiicd 

in the gamma-cementite range rather than wann working in the alpha-cementite ranne. 

For optimum plasticity, fabrication of a steel produced according to this alterna- 

tive is accomplished in the gamma-cementice range. 

The fine structure obtained by the fifth method is ) Iven as follows for a 1.6%(; 

steel.  The original casting was homogenized at 113ii°(; fer 60 minutes and worked al 

this temperature to a true strain of I.Ü.  It was tuen cooled and worked isothermal 1y 

at ()(U)"(: to a inn' strain of 1.5.  The resulting mierostr ucture is shown in I'Mgure 10 

where it can he readily seen that a very line sphen ■ i d i/ed stnnlure was obtained. 

Its room temporature hardness was Rockwell "C"  48.  Al I ei annealing the tolled pro- 

duct al hr)0oi'.  for 30 minutes, its room temperature hardness decreased lo Rockwell 

"C" M.     The yield strength of the annealed product was 166 ksi with a loial elonga- 

tion of 3%. 

Other techniques may be employed to form the ultra high carbon steel of the 

foregoing invention so long as the desired nicrostmcture is obtained.  One possible 

technique Is to accomplish the desired deformation by thermal cycling between temper- 

atures across the alpha-gamma transformatIon.  It would be necessary to repeal ihis 

evel in)', many I lines because each stage id such temperature delormat ion Is reial ivelv 

small compared to thai a< compI I shed by meclmnical wirkin; . 

Another technique which may be employed to form a si eel ol the desired micro- 

structure is powder metallurgical mixing of powders of i i on alloys containing, 

spltero i d ized cemeniite and line iron powders.  For example, line powders (e.g.., 

1-10 micron size) of while cast Iron (4 to 5% carbon) can be mixed with iron powder:; 
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Figure 10.  Carbon replica photomicrograph illustrating the fine spheroidized 
structure in a 1.6%C steel after isothermal working at 600oC as described in 
the fifth method. 
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of approximately the same size and pressed and sint.-red at 600-700oC to bond the 

powders by solid state fusion.  The proportions are selected to confom, to .be 

foreBoing total carbon contents (e.g., 2 parts of iron to 1 part of white cast iron) 

Commercial steel impurities Including manganeHe may be supplied In the iron powders 

or white cast iron powder.  The final product has a microstructure „1th superplnstIc 

characteristics at elevated temperatures. 

^  ^Temperature M^^i^al Properties of Ultra High Carbon Steels Containing 
line Structures ----         b 

<>nr   success in obtaining fine structures in the ultra high carbon steels Is 

'""""   !'raLn>',n«-  W|- ■•Htributc the superhlgh duct 11 . t y observed at war mperatutes 

to the presence of these line structures.  Furthermore, we have .■  c.dv indicated 

that such steel:: can be strong and ductile at room Iemperature.  The most promising 

'—"Its have been obtained with the \ . V/.C   steel.  I , Figure 11 we IlluslraLe the 

true stress-true strain curve for the \ . V/C.   steel alter warm working al W,",:.  The 

as-warm worked material has a vield strength ol about 195.000 psi, a ;.'!',,000 psl 

ultimate tensile strength and 4Z tensile elongation which is a very attractive c.orn- 

hlnatlon of properties.  The ductiJity can be impro I |,v annealing with a resultant 

decrease in the yield strength.  Thus, annealing for 100 hours al ',ooV resulted ln 

'■J /i',1,i s,r("«11' "! ''"^"00 psi and in a ductility ol IV (uniform) elongation. 

This would indicate that we may have developed a very tough material. 

Steels containing carbon contents higher than !.)%(: exhibit yield strengths 

higher than those we have reported lor the 1.1%C steel.  This is because the yield 

strength is principally , function of the mean free path lor dislocation motion. 

Hurland '     has shown that the yield strength follows a linear relation with A"l/2 

where / is the mean distance between obstacles.  For high carbon steels the appro- 

priate distance lor A is the mean distance between particles.  It can be readily 

■l",W" ll1'"' ,"r ■' >•iv'•|, Particle size (about 0.25|im) the mean pari Ich- spacing 
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Figure 11.  True stress-true strain curves for the Fe-1.3%C alloy at room 

temperature after warm working at 5650C (1050oF) and (2) after annealing 
following warm working (500oC for 100 hrs.)- 
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changes   from 0.4lJm  for  the  1.3%C steel   to  ().34|mi  for   the   1.6%C steeJ   and  ü.29iiin 

for   the   1,9%C  steel.     This means   that   yield   strength,  of  about   160,000  [>nl   can   be 

achieved   lor  an  annealed   1.6%  steel  and  about   175,000  psi   for an  annealed   ] .97X 

steel.     The ductility will   remain  high with   increasing carbon  content   since   the 

Eerrite  grain   size   is   fine  and   this   factor  dominates   the  plasticity of   the  material. 

Even more   impressive  yield    strengths are  obtainable  upon   further   reduction  of   the 

particle   size.      Thus,   a   particle   size  ol   0.1   micron  will   result    in   a   yield   Strength 

oi   about   235,000  psi   for  the   1.3%C  steel,   255,000  psi   tor   the   I.6%C  steel   and  280,000 

psi   tor   the   1 . T/M  steel. 

5.     Heat Treatment of Fine-Structure Ultra  High Carbon Stiels 

We  already   Indicated   that   annealing  the   L.3%C  si eel   alter  extensive  warm working 

leads   to  a   considerable   increase   In  ductility   (Figure   11).      Other   heat    Ireatments  can 

be  even more  useful.     After  superplas t i c  working  or  ta/arm  working   in   the  alpha   rangt' 

the  ulna   high  rail.on   steels  can  be   Miermallv   treated   In  obtain   high  strength   by 

heating nbove   the  ct it leal   temperature   (/:'»"(;)   followed  by  controlled   rates ol   l■^llllll),, 

(ot   (|uenching   to   specific   Isothermal   I empe r itur es).      In   this  manner   line   grained 

ausienile  can   he   transformed   to various   forms  of   translormed   structures   such as  coarse 

and   line  pearl ile,   coarse and   fine   bainite,   mar tensile,   and   so   Forth. 

We wish   to   point   out   that   heat   treatment   after   superplastlc  working ol   fine  struc- 

tures would  be  especially useful  with ultra  high  car um  steels  containing  alloying 

elements.      For   example,   much   greater  control   ol    the   rate   of   translormaMon   is   possible 

with  a   1.5%  Cr   steel   than  with   plain  carbon   steels.     This,   in   turn,   will   permit   grentei 

flexibility   in   obtaining  a   desired   final   mlcrostmet are.      Such   steels,   however,   because 

of    I he  added   cost   of   alloying,   may   find   less   use   for   applications   in   com rast    in   the 

Inexpensive   ultra   high  plain   carbon   steels  which   should   Mud   wide  general   nil III v. 
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(y-     Ultra High Carbon Steels,  A Summary 

Our  research has  centered on  plain  carbon   iteelf   con Lainin«   1. ) 

to  2.3% carbon   (twenty to thirty-five volume percent  tementlte   respect- 

ively).     Much of  our basic   studies   in   the  past   years  related   to   strain- 

enhanced  spheroidizatlon.  warm workinR,   strain created vacancies  and 

superplasticity proved  indispensable   in our attempt   to obtain   fine  grained 

structures   in  ultra high  carbon   steels.     Various TMT   (thermal   mechanical 

processing)  procedures have  been developed  which have   resulted   In  partlculate 

composites  of   cementite  in   iron  containing   ferriie «rains   finer   than   one 

micron   in   size.     Such high  carbon   steels  are  sup.Tplastlc  at   warm   temporal urcs 

(about   500% elongation  have  been achieved).     Fun hermore,   they  can   he made 

strong   and   ductile  at   room   I empei il ure;    for  example,   a   1.37.   carbon   Me   I, 

processed   to  consist   of   fine  spheroid 1 j-.ed   cementite with accompanying   line 

ferrite  grains,   exhibits a   yield   strength  of   150 ksi,   and  nltimaLc   tensile 

strength of  205 ksi and  15  percent   elongation.     I'o  the  liest   of   our  knowledge 

this  is  the  first  time plain  carbon  steels have  been made  superplastlc  and 

our  results  suggest  exciting possibilities   in   the application   of   inexpensive 

steels   for many new structural  application. 
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B. BREAKDOWN OF LAMELLAR MICROSTRUCTURES 

J. C. Shyne 

The intent of this portion of the program is to gain information about 

the kinetics and mechanisms of the spheroidization of lamellar microstructures 

as a consequence of plastic deformation and thermal activation. The material 

chosen for study was the 60Sn-40Pb eutectic.  Thi« material is interesting for 

its own sake, since the Sn-Pb eutectic is an important microstructural feature 

of common solder.  However, the main motivation for choosing 60Sn-40Pb as an 

experimental material is because the Sn-Pb eutectnc resembles the more tech- 

nologically important Fe-C eutectold, pearllte.  The spheroidization of penr- 

Ute is extremely important process in steel technology, but the eutectold 

pearlite is experimentally difficult because of the brittleness of the Fe C 

phase of the pearlite at temperatures below about 600ü(;. 

Experimental alloys of the 60Sn-40Pb eutectic have been prepared by 

melting and casting.  By controlling the solidification rate by slow cooling, 

beautifully well formed lamellar eutectic structuies were obtained.  Metal- 

lographie practices were developed for observing these microstructurea. 

The intent was to cold work the eutectic «illoys at temperatures too 

low for any thermally activated breakdown of the lamellar structure to a 

spheroldlzed equiaxed microstructu. e, and then to follow the subsequent 

thermally activated process of spheroidization at some higher temperatures, 

hopefully above room temperature.  Samples were cold relied at temperatures 

down to -1960C (liq. N2), and subsequently their microstructures were examined 

at room temperature.  In all cases, no matter how rapidly the metallography 

was performed, there was extensive spheroidization of the cold worked specl- 

mena.  This effectively rules out; normal metallogi aphy (at room temperature) 

'.» a viable- means lor I ol lowing th.. progress of the apheroidlzatlon reaction. 

Helore attempLIng metal lographic examinaLlun ol the cold worked Sn-Pb 
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materin] below room temperature by means of light optica] methods or using a 

scanning electron microscope It was decided to us* differential thermal anal- 

ysis (DTA) to determine the temperature range in which the lamellar breakdown 

occurs.  DTA experiments were attempted on specimens of 60Sn-40Pb cold rolled 

at -780C (dry Ice sublimation temperature).  This has proved to be a most dif- 

ficult task and, as yet, unsuccessful.  The DTA technique depends upon detec- 

tion of the small amounts of heat clven off by an exothermic reaction (or heat 

absorbed by an endothermic reaction).  Results to date on the Sn-Pb eutectic 

have been unreproducable and unmeanlngful.  The main sources of error being 

the very small amount of energy released during the spheroldization reaction 

and experimental noise occasioned by the condensation ol traces of ice and its 

subsequent melting on the DTA specimens. 

Some information has been gained from mechanical tests performed at 

-780C.  Eutectic Sn-Pb specimens were tested in compression using an Instron 

mechanical test machine.  It has been found that as-cast lamellar specimens 

work soften during compression deformation, apparently this is a consequence 

of concurrent spheroidization.  Test specimens initially with a spherodized 

microstructure exhibit normal work hardening rather than work softening.  Re- 

markably, this work softening behavior nerslsts t. -780C, the lowest test 

temperature.  This suggests that at tempts to follow the isothermal progress 

ol the spheroidization process would have to be carried out below -7H"(: (dry 

ice temperature).  However, temperatures below -7v.0c  in addition to being 

experimentally very difficult (for metallography, DTA, etc.) create another 

problem, the transformation of white, metallic Sn (BCT) to gray, non-metallic 

Sn (diamond cubic).  This phase transformation is usually quite sluggish, and 

the white Sn phase (one of the two phases of the (.0Sn-M)Pb eutectic) can be 

undercooled far below the equilibrium temperature ( 130C  for pure Sn).  At 

'■><■) 
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-780C there was no indication that deformation had stimulated the white to 

gray Sn transformation.  But specimens cooled to -1960(: were very brittle 

and broke up during attempts to roll them, probably because of the Sn trans- 

formation. 

The experimental difficulties encountered plus the unexpected occur- 

rance of the spheroidization reaction at temperatures as low as -780{; require 

some reassessment of the experimental aims.  At this point it appears that 

further attempts to obtain quantitative kinetic data on the reaction ol micro- 

structural change from cold worned lamellar euteclic to spherodizud eutectlc, 

should not be made.  Clearly two experimental techniques have been succeHsful, 

conventional optical metallographir choracterlzation of Hie mlcroHtructuron 

Cat room temperature) and low temperature compression toHts. These tech- 

niques will be used to demonstrate the- Influence (.1" varying amounts ol plas- 

tic strain applied over a range of temperatures on the resulting final 

spheroidized microstructure.  Such information, while not so useful as quanti- 

tative isothermal, kinetic data, will help to elucidate the process of lamellar 

breakdown both specifically in 60Sn-40Pb and gene)ally in other lamellar micro- 

structures. 
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15. Supported Multlmetalllc Clusters 

M. ISoudart 

' • Structure of Smal1 Metallic Particles 

Anisotropy is the most distinctive propertv of crystalline 

matter.  Surface anisotropy of a large crystal is determined by Its 

Individual faces.  In the case of catalytic particles in the nanometer 

rant;t' the notion of face is inadequate as revealed by electron micro- 

scopy.  It is preferable to describe surface structure by specifying 

the Iraction of surface atoms with a given number of nearest 

neighbors.  A surface atom with 1 nearest neighbors is called C. 
i 

It has been shown theoretically by others that the surface 

structure of small particles changes with particle size in the range 

between I and 10 nm (1).  Kot Instance, the Fraction of V.-j   atoms at 

Mic surlace ol a bee particle is almost ten times smaller on a I nm 

particle than on larger ones.  Tims a study ol Lin- change In cataiytlc 

activity with particle size may establish wiietliei a   reaction ilepemis 

on surface structure.  If so. It is said to be slniclure sensllive. 

This appears to be the case lor ammonia decomposlI Ion which proceed« 

at a rate 10 times higher on the (ill) faces than on the (100) or 

(110) faces of tungsten single crystals (2).  It must be noted llial 

among the low index faces of bec tungsten, only the (ill) face 

exhibits Cy sites. 

In the case of ammonia synthesis, it has been observed by Brill 

and Kurzidim (3) that the catalytic, activity ol small particles of bee 

iron was higher when the magnetite, Fe-jÜA, used to prepare the catalyst 

was reduced by dlhydrogen In the presence ol dlnilrogen, than when it 

was reduced by dlhydrogen alone.  It was also observed with field 

emission mLcroscopy that dlnitrogen reconsn nets an iron tip by 

adsorbing preferentially on (III) planes and Increasing their extent 

(4).  Hence, it was surmised by Brill and Kur/.idim, that the role ol 

dlnilrogen in the reduction of maj-netite to   form i more active cata- 

lytic surface was to lavor the appearance ol (ill) laces which. In 

turn, were assumed to possess a higher catalytic activity than other 
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faces lor the ammonia synthesis.  In view of these observations 

suggesting a catalytic anisot ropy of iron surface.'; for the ammonia 

synthesis, it was decided to study the rate of that reaction of very 

small particles of iron and the variation of the rate with particle 

size and catalyst pretreatment in the presence or in the absence ol 

dinitrogen. 

It was hoped that Mössbauer spectra of these small iron 

particles would bring information on the desirable surface structures 

in ammonia synthesis. 

Supported Iron Samples; Chemisorption 

Small (1.5 nm), medium size (A nm) and large (30 nra) Iron 

particles were prepared on a magnesium oxide support.  The average 

iron particle size was determined by the selective chemtsorptlon ol 

carbon monoxide, following tlie mel hod ol Brunauer and Etnraett (')).  In 

an attempt to verify the dinitrogen Induced reconstruction ol Iron 

surfaces, the reduced iron particles were treated in I lowing ammonia 

at 670 K and atmospheric pressure so as to form a hulk nitride ..I iron, 

as shown by Mössbauer spectra.  Following the ammonia treatment, the 

iron nitride was decomposed at the same temperature in a flow ol 

dihydrogen.  The sequence of nitride formation and decomposition will 

be called ammonia treatment lor short. 

ft was found that the amount of carbon monoxide chemisorhed on 

the small iron particles decreased by ca. 10% as a result of the 

ammonia treatment.  II we accept the views ol Rnmauer and Kmmen on 

the chemJsnrptlon ol carbon monoxide un the low index laces ol Iron, 

the observed decrease In chem I sorption can be explained il the ammonia 

treatment increases the relative proportion ol C-i  sites. 

Structure SgnS-tt^vlty of Ammonia Synthesis on Iron 

The turnover number N, i.e., the number of ammonia molecules 

made per second per Iron site titrated by carbon monoxide, was I omul 

to increase by at least one order of magnitude with particle size. 

As MBssbauer spectra gave no indication of appreciable electronic 
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Lnteraction betwecin metal and support, the effect of particle size 

suggests that the ammonia synthesis Is a structure sensitive reaction. 

The effect can be explained by assuming that C, sites, which are Less 

probable on the smallei particles (1), are responsible for a higher 

value of N.  This explanation is supported by the observed increase 

in N following the ammonia treatment which also appears to increase 

the population of Cy sites as ind!cated above from chemisorption data 

and below from Mössbauer spectra. 

Surface Magnetic Anisotropy of Small Ion Par tides 

In 1955, Neel predicted that sufficiently smal] particles 

should exhibit observable surface magnetic anisotropy as the taller 

become.'; more important than shape and crystalline magnetic an Isni rople: 

wiilili dominate with larger panicles.  This el led could be observed 

unequivocally lor the first time in this work.  Indeed, Mössbauer 

spectra of the smaller iron particles show thai the surface magnellc 

anisotropy barrier is lowered by ihe ammonin treatment.  From Neel's 

theory, it follows tiiat the ammonia treatment increase.1; the relative 

proportion of either Cr or C sites. 

Conclusion 

Three effects of surface anisotropy have been observed in I his 

work:  first, the decrease ol CO chemisorption as a result of ammontn 

treatment, the increase of N with particle size and ammonia trealmenl 

ami third, the decrease In surface magnetic anisotropy tollowln)'. 

ammonia irealment.  Ml three lakun logethei Indicate that c. sites 

are formed as a result of ammonia treatment and are more active than 

the other sites in ammonia svntiiesis on Iron.  The ultimale explana- 

tion of this conclusion remains to be found.  As of now, lei us cite 

a remark ol Selwood (7) who pioneered the study of magnetic and in 

particular superparamagnetic phenomena in chemisorption and calalysis: 

"it is remarkable that a development in geophysics plus one In the 

precipitation hardening of metals should have applications in hetero- 

genous catalysis." We submit that this remark provides some justifi- 

cation in talking about "the physical basis ol catalysis." 
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(;• Preparation of Fine PartIcles 

W. A. Little and J. W. Brill 

The objective of this research has been to prepare I me 

particles (20-1000A) of controlled size distribution of various 

metals and to coat these with different organic or inorganic- 

materials. These materials are expected to have novel electric, 

magnetic and mechanical properties which we plan to measure. 

I'ro^ress Lo date 

ParUclc have been prepared of Al, Au. Ni, C, and IV by 

evaporating the metal In an atmosphere of Argon or Helium.  An 

extensive electron microscope study was mad. of the size distri- 

bution of the particles by collecting them on electron microscope 

grids and covering them with a carbon film.  Some samples were 

found to have an amorphous coating but "clean" samples could be 

formed by placing a shutter between Filameni .nd grid and only open- 

ing the shutter 'or a fraction ol a second. 

|,;x|)('ril'-    •"■'^ '"-'fil done to sei 11 elflcienl col lee I inn ol 

Iron particle« can be made using a suUably shaped magnetic Meld. 

Thick webs of particles could he formed but col I.e. ion efficiency 

was generally found not to be good.  Alternative ways ol producing 

fine coated particles by grinding under suitable chemicals have been 

consIdercd. 

The possibility of studying the plasmon states of individual 

fir« metal particles Is being considered and preliminary experiments 
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have been done using the essential elements of a characterisLic 

energy loss spectrometer.  It is anticipated thai surl, studies 

might clarify the role of particle size on chemical reactivity. 
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A.  I^nj^ rod uc t ion 

The majority of work reported In the literature on 

electrochemical crystallization has been conceined with the synthesis 

ol various compounds, primarily of the transition elements and the 

preparation of metallic coatings for commercial applications.  Very 

little effort, however, has been expended on the development of a 

sufficiently sophisticated understanding of the principles involved 

in the technique to allow adequate control of the tmcleation and 

growth processes necessary for the production of useful hulk samples 

including single crystals of a wide range of materials.  In order to 

achieve this level of control, it is necessary to understand how to 

produce and maintain the appropriate thermodynamic and kinetic con- 

ditions at the growth interface during the el ec t rocrystalll/.atlon 

process.  It is lu this direction that the major emphasis ol this 

program Is oriented.  One of the outgrowths of this effort will he 

the ability to produce material conl inuouHl y inclmlin}' single rrysi.ils 

hy leliueil electrochemical cryst .11 I I/.;it len techniques. 

Atlentloii is also being given to the development ol the eleclro- 

chemical conditions necessary lor the production ol .1 group of specific 

materials of special interest.  These Include Lntermetallic niobium 

compounds with high superconducting transition temperatures, high 

melting point boride coirpounds with unusual hardness and good elect run 

emissivLties, and other materials ol interest because ol their potential 

technological use as optical materials or mixed conductors in new types 

of battery systems. 

During this report period, significant achievements have been 

made.  Large single crystals ol Na WO  have been produced by the 

electrochemical crystallization method under controlled conditions 

using molten (ungstate baths and a OzochraIsk1-1 ike growth lechnique. 

The Huperconc i-I fug phase Mb Oe has been syuthesI zed hv electrolysIs 

of a mol ten sa 11 hai I). 
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ng LaB single crystals l n A system capable of reproducibly growing I 

molten salt baths has been developed. 

Each of these programs will he discussed separately in the 

following sections. 

Mil 
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B.  [nvestlgatlon of the LaBf System 

1. V. Zubeck and P. A. Pettit 

1.  Entroductjon 

Very little previous effort has gone into the development of 

a sufficiently sophisticated understanding ot the principles involved 

in electrocrysta11Ization to allow the product ion ol useful bulk 

samples, and single crystals.  The emphasis ol this part of the 

program has been to understand how to produce .ind maintain the 

pertinent thermodynamlc and electrochemical conditions nccessarv for 

morphology control. 

The borldes were chosen as a prototype system lor metal-metalloid 

formation.  The growth of lanthanum hexaboride (LaB ) single crystals, 

selected because of its commercial interest, i ; presently being studied 

with emphasis on obtaining controlled growth conditions. 

During the first phase ol this program, techniques were 

developed which allowed the growth of small crystals of LaB  from a 
6 

molten oxyfluorlde hath on gold electrodes.  From these early experiments 

the el feet of process parameters on morphologl.-al mability, micleallon 

rate, deposition elllclency were extensively studied.  The need lor more 

sophisticated processing equipment along with i knowledge and control 

ol reaction chemistry was reco)'ni/ed as .in Importanl requlremcnl loi 

the attainment of reproducible results.  Kfforts toward Mils goal have' 

been realized during the past six months. 

2•  Experimental Results 

Larger crystals of LaB6, 4 mm on a side, have been produced 

during this reporting period.  This is a substantial improvement ovei 

previously reported results.  The improvement Ln cr/stal size was made 

possible by modified experimental equipment capable of providing 

accurate control of growth parameters.  A new furnace has provided a 

Mallet temperature gradient in I he region ot i he crucible.  Instaila- 

I Ion ol ,i leiiipural lire con! rol hr has allowed regulation ol lurnace 

'••mpi-i.ilure lowllliin I .'/'C.  A new I'.A.K. i.-ean  ode I pol en I l.isl a I 

-/•& 
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galvanostat has provided ;i very stable accurate potisntlaj source.  Cell 

potent i.il can now be controlled over ii wide current range, and .1 

capability Is provided for control and monitorlns ol a third electrode. 

Voltage measurements (overpoteiiti.il) mad.' between a Moating third 

reference electrode and cathode, yielded valuable kinetic and thernio- 

dynamic information concerning the cathode process.  With the third 

electrode used as a controlling electrode, a preset voltage (overpoteiu la 1) 

between the reference electrode nnd cathode insures stability ol the 

cathode process, a condition which is important foi the grow'.h ol single 

crystals of high quality. 

Sources ol hath contamination within the system, which Included 

Ihe furnace, I lange, fittings, and iruclhle, have h. en idem If led, and are 

heinv, systematically eliminate.I.  Nickel cruclhles nave been replaced by 

glassy carbon and platinum. 

A nucleation study has shown that when controlled growth 

conditions are achieved, grain selection doe;; »ccur aftei crystallites 

have nucleated on the elect rode (see Pig. I).  Under these more stable 

conditions, secondary nucleation does not. Lntcrtere with the growth 

process.  This is favorable to the growth ol larger single crystals ol 

improved quality and morphology. 

The interrelationships among cell potential, cell current, and 

electrode configuration are now well understood and growth conditions are 

now reproducible,  Cell potential Is held conj-tanl lurlnj.1, any niven um, 

■mil cell current and resistance I o I I ow Ohm's law: 

V        I H where K   |)J 

A 

K = I pi i> = res 1st i v 11 \ 
A 

1 = distance between electrodes 

A : I (cathode area, anode area) 

II we assume that the resistivity | ol a solution remains constant during 

a run (hath not run to depletion) then we can write 

V.  -   constant 

K  = 1 = constant 

i.l    A 
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Figure 1.  LaB, grown on Au substrate:  100X 
b 

Light area Au electrode, light grey LaB, 
o 

crystallites, and the two phase dark grey 

region the plastic sample mount. 

HS- ^ 

■•ifirnfiiiiWiilinif -'    ■nll^i-fci« fi i n VI     riiiirHiai 



^^w« 

if it is assumed that Al Is small compared with I.  Thus, operation ol 

an electrolysis cell at constant potential K  impliei operation at 

constant cathodlc current density l/A.  The cell current rises during 

a run as deposited material increases the effective cathode area (A 

Increases), anode area being constant.  This argument also implies that 

for constant cell potential K  and a given initial cathode area, the 

cathode current density used during a run can be chosen by suitable 

choice of anode area.  if A^   >  A^ than I  > | ; by |, = ] = constant. 

i L  A 

The two growths shown on the graph in Fig. 2  were identical 

except lor a difference in anode area.  ^ represenis the initial current 

as measured ten minutes after the start of electrolysis.  The currenl 

rises rapidly during the first few hours of a run as crystallites 

nucleated on the smooth substrate result in a large percentage change 

in cathode area.  The current rises more slowly during the remainder t.l 

a run as crysta 1 1 iics already nucleated continue to grow.  The diflerenco 

in lo, rise time, final currenl and number ol ctuilomhs passed as seen in 

Kig. 2, are attributable to the diflercnt anode area used In the i wo 

experiments. 

The growth mechanism operating in the tiectrocieposition ol materJali 

like LaB6 is now understood.
(1'7)  Layers approxlmaiely Lp thick lorm al 

pyramidal "active centers" on the crystal Ian and grow outward in all 

directions (Fig. 3a, b, c).  At low to moderate current, densities, 

these centers are located at the interior of the crvstal faces.  As the 

current density is increased the active .enteis shift to the corners 

and edges of the crystal (Fig. A).  At high current densities, corner 

growth results in distorted cubes and finally dendritic growths along 

the [111] direction (Fig. 5a, I.).  The critical current density for 

the growth o( crystals ol cubic shape appears to he in the region ol 
2 

30 mA/cm .  The optimum currenl density for gtowtli of single crystals 

appears to lie in the region from 10 to 25 mA/cni2,  In addition, the 

(llt'(ls "l 1KI111
 Purity on the growth mechanism are now better understood. 
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Figure 3a.  Small crystallites, %10 |i on a side, 

showing exaggerated pyramidal structure at 

the face centers, 2000X, 

^■L 

 , ^ , ,  ■ ^^■—■->,..■■ ; 



I       l4«U0^^a«HHPMM,W.lli,i| mi i .« i ^m 

k 

Figure 3b.  Pyramidal growth structure, 5000X. 
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Figure 3c.  Truncated pyramid with layers, 1000X. 
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Figure 4.  Growth center at cube corner, ^SOX. 
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Figaro 5a.  Dendrites along [111] direction, 

composed of stacked cubes, evidence of 

corner growth, 180X. 
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Figure  5b.     Dendrites  along   [111]  direction,   500X. 
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i.     Future Work 

The  LaB6 program has proven   fruitful   in  term« uf demonstrating 

the   Influence  of  cell  parameters  on   the  growth  process.     Future  work 

on   this  material  will  include  seeded   growth,   growth at   constant   over- 

potential   using   the  controlling   reference  electrode,   and  a   study  ol 

the  effect  of  melt  purity  on  crysta]   size  and quality.     The   influence 

of  growth   temperature and  bath  composition  on  defecl   structure,   mor- 

phology  and   deposition efficiency  will  also  be   investigated.     Electro- 

chemical   synthesis  techniques developed   in   the  course of   the  LaB 

program  are  applicable   to  the  preparation   of  other  materials.     An 

investigation  of   the synthesis  of   the   scandium borides   is  planned   lor 

the  next   phase   of   the  program. 
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C.  Continuous (growth 

R. DeMattel 

1.  Introduction 

The first year's activities were concerned with the factors 

which influence ehe stability of the growth interface during electro- 

chemical crystallization.  A study ol ihv   electrolytic growth ol 

copper from a potassium chloride (KC1) (4f) m/o) - zinc chloride (ZnCl ) 

eutectic melt containing 5 m/o cupric chloride Indicated that stirring 

had a beneficial effect on deposit morphology md distribution.  The 

data was not sufficient to develop a quantitative n lationship.  A 

second study concerned the e]ectrodeposilion o: zin. in an ultrasonic 

field from an aqueous zincate (ZnO " ) solution (10 w/o potassium 

hydroxide (K011) in water with 0.1 mole per liter zinc oxide, and 

showed thai ultrasonic energy caused a decrease in I he cathodic 

overpotenl lal which in theory could he attributed |o a decrease in 

boundary layer IhickneBH and/oi to an increase In Hie ellectlve 

dillusion coel I leient.  Both ol i he above systems puivcd to he ol 

limited utility in a continuous growth program because the growth 

habit during e lectrodeposi t ion was not well-deflnccl 

To facilitate the goal of being able to continuously grow a 

composition by the electrochemical deposition process, a new system 

based on sodium tungstate (Na^O^,) - tungstic oxide- (WO ) melts was 

investigated.  Large sodium tungsten bronze single crystals (Na WO 

0-1 • x   1) with well-defined morphologies can be produced from 

these melts at relatively high growth rates In the presence' ol suitable 

electric potentials.  The growth of such Na WO  crystals nrovides i 
x      \ ' 

better   system   loi    the    investigation   ol    the    limits   ol     Intel lace   stabililv 

I||;111   lll(■   '•"IM"''   or   zinc  system:  ,   since   ll    is  much  easier   to  allei    1 be 
f|iiality  ol   cryslal.s  which  can   l.e   readily  grown   undei   a  wide   range     ol 

conditions,   than   li    is   to   Improve   the   Interface  staMlltv   In  a  system 

which   Is   far   from  yielding  stable  growth  conditions. 

The  major   thrust   ol    the   program  over   the   Iirst   hall   ol    this   year 

lias   been   toward   I he devel op.neni   ol   an  imderslanding  ol   and   I be   technique! 
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for Czochralski-like growth of Na WO via an electrochemical reaction 
X j 

in  a   tungstate melt   under an  applied  electric   potential. 

2.     Experimental Results 

(a)   Preliminary Experiments 

Since   the  sodium  tungsten  bronze   is   formed  by   Llie   reaction 

~   Na WO    +  (1  - -*)   WO,,    t   Na WO,  + 7  0 
t       t    n 1 3 xi/42 

it    Is   known     '   that   a growing   crystal   can be   remeltod   if   it   comes   in 

contact   with   (ret-  oxygen  at   high   temperature.     An  apparatus  designed 

to pull   Na^WO.^   From a melt,   therefore, might   ruquirr provisions   tor 

keeping  the as-grown bronze crystal   out   ol   contact  with oxygen.     A 

scries  of  experiments  to  test   importance of  the  meiih.uk  problem  and 

ways   to  prevent   ft   were  undertaken. 

It  was  shown   that  a bronze   crystal   exposed   to air  at   750oc; 

quickly melted  back.     In a  flowing  helium atmosphere   the  bronze  was 

stable as  long  as  oxygen bubbles  generated at   the  anode did  not   come 

in  contact  witii   it.     The oxygen   formed  at   the   anode did,   however, 

float  across   the  melt  surface   to   the   cathode where  attack  took  place. 

To  avoid   this  problem,   the  anode  was  enclosed   in  a  compartment   which 

doubled  as  a  tie) ium out let . 

(b)     Apparatus 

An apparatus lor the combined CzochraIskl-electrochemica1 

technique has been designed ami constructed, i'lg. I.  Pulling is 

accomplished using standard portable commercial crystal puller.  In 

its present configuration, this unii is capable of pull rates from 

1 to 6.5 mra/hr.  Rotation of the seed Is provided by ü motor-generator 

driving through a speed reducer to provide rotation rates of 0 to M 

rpm.  The crucible containing the melt is held in a quartz tube sealed 

by a water cooled brass flange.  The flange is provided with fittings 

for both electrodes and introduction ol an inert gas atmosphere, 

including, a reference electrode for overpotenl In I meaHurements, I he 

-')<)- 
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seed rod-cathode on which growtli takes place, and   the oompartmentod 

anode.  The entire assembly fits Inside a resistance furnace whose 

temperature is controlled by a three function proportional controller, 

which senses the wall temperature of the quart/ tube by means of a 

chromel-alumel thermocouple.  The average axial temperature gradient 

for this system is I3.50C/cm. 

The applied potential for electrodeposition is provided by a 

power supply which may be operated la either a constant voltage or a 

constant current mode.  Contact to the rotatinr. cathode is made 

through a mercury filled copper cup attached to the cathode rod. 

Measurements of both overpotenLial and applied cell potential are 

made with a voltmeter and the cull current is monitored by i clip-on 

milliammeter.  All the electrochemical parameters ate also recorded. 

See Fig. 2 for a block diagram ol the circuit. 

(c)  Pulling Experiments 

To date, several crystals of Na WO., have been pulled.  All ol 
x  3 

these have been grown from a melt of 25 n/o WO - '/'<  m/o Na„W0. at 
> 2  4 

750oC under a flowing helium atmosphere.  These growths were seeded 

with crystals grown In melts oi the same composition Indicated above. 

The longest crystal produced by this method Is In excess ol 7 cm In 

length.  See flg. j. 

When growing In a stable iiuuiner, these .rysi.ils exhibit a 

constant cross section.  A model lot thi i behavior may he derived by 

considering the volume of mateiial deposited 

v = 
i. M a 

n F p 

where  i    is   the   efficiency  of   the  electrochemical   process,  M   Is   the 

molecular weight   of   the  specie;; deposited,   a   is   the   total   charge 

transferred,   n   Is   the number  ol   electrons   trans!erred   (for  Na WCL, 
x  3 

n = x), F Is Faraday's constant, and p is the density of the material 

The rate of change of volume with time Is given by 

dv/dt = 'v1  da/dt = Cv  i = I.I 
nl'p nl'( 
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Figure 3.  Section of Na W0„ crystal grown 
. O   .5 

at 6.5 mm/hr at 6A rpm.  Notches are due 

to periods of growth at reduced current. 
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where T is the total current.  Volume may also be expressed as 

v = Ay 

where A is an area and y is a distance in the direct ion of pulling. 

The rat(i of change of volume is 

dv/dt = yd.i/dt + Ady/dt, 

But at equilibrium, A is constant (da/dt = 0), thus 

dv/dt = Ady/dt = KI. 

In NaxW03 in the cubic phase growing along the [1111, the Interface Is 

a trigonal pyramid the total area of which is 

A = 3 d2M 

where d is the distance across one of the crystal facets.  Thus 

. _ I __KL    ) 1/2 

'   ( .75 dy/dl I 

where dy/dt is the pulj rate. Thin model predicts ihat changing total 

current and pull t;iLe in the s.ime m.mner (i.e., doubling both) should 

leave the crystal cross section unchanged.  In Fig. 4, a crystal Is 

shown which demonstrates that consUmt cross Suction can be maintained 

by appropriate simultaneous changes in current and pull rate.  The 

model further predicts that increasing the total current at a fixed 

pull rate will increase the cross section and increasing the pull rate 

at a fixed total current will decrease the cross section.  An example 

of the former type of behavior is seen in Fig. 5, while the notches in 

Fig. 3 are an example of .he latter type of behavior. 

Crystals grown by the above procedure show a strong preference 

for growth along the [111]. Therefore, Ln mo; i experiments, [111] 

oriented seeds were utilized. Ln one growth using i seed oriented on 

the 1211], the boule axis grew off the seed axis and growth was found 

to be in the (lil| direction. Growth on othei seed orientations have 

not yet been attempted. 
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Fipure 4.  Example of Na QW0„ crystal grown from 

25 m/o WO - Na WO. at 750oC.  Starting at 

4.4 cm: 

a) first 5.5 mm   Current (1) = 7.5 ma, 
Pull rate (P) = 1 mm/hr. 

b) next 48.5 mm   1 = 15 ma, P - 1.95 mm/hr 

c) next 14.7 mm   I = 22.5 ma, P = 2.95 mm/hr 

d) last 5nim      I = 37.5ma,P=5.1 mm/hr 

Branching indicates that upper limit of stable 

growth has been reached. Rotation rate = 17.25 rpm. 
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Figure  5.     Example  of  a Na  „WO,,  crystal  grown  at 
. O        J 

a constant pull rate (1 mm/hr) with a current 

increase.  Rotation rate = 17.25 rpm. 

a) Current (I) = 7.6 ;na, Time (t) = 20 hrs 

b) I = 15 ma, t = 23 hrs 
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(d)     Rotation   Experiments 

As  has  been   outlined   in  a  previous   report(2)   rotation  ol    the 

growing  crystal   should   produce  beneficial   effects.      In   the  case  ol 

Czochralski-electrochemlcal growth,   th^s should   translate  to higher 

pull   rates.     Preliminary  experiment«   indicated   that    this  was   the   case 

with   the  maximum allowable  growth   rate  before  onset   ol    Interface 

Instability   increasing   from  a maximum of  3.25 mm/hr   at   lb  rpm  to   i,, 

excess  of   6.5 mm/hr  at   64  rpm.     For normal  Czochral.ski   growth ol 

oxide  materials  a   range   of   maximum  stable  pull    rate      from   2  mm/hr 

CY2A15Ü12)   t0  "- """/'"-   (7.nW0A,  CaW0/(,   and   LiTaO^)   h ,s  been  observe. 

A  further  series  of   experiments   to quantif>   i he  maximum   pu1J 

rate  versus   rotation   rate   relationship   is   in   progress.     This  series 

of   experiments  will   also   Investigate  the  relationships  between  over- 

potential,   current   density and  rotation  rate. 

i.     Future Plans 

In   addition   to   the   seed   rot..lion   experiments   now   in   progress, 

the effects  ol   stirring,   applied  ac  potential.,   and   ultrasonic  energy 

on   interlace morphology  and  gnwth   rate  will   |,e   inv.-st Igated  along 

Wl,ll  st"dle9  ""   the   influences  ol   temperature,   me I .   composition,  and 

eonvective   Mow „n  growth   parameters.     Electrical   mensurement   teelml<|..es 

will   be  developed   to  permit   the  accurate  control   ol   crystal   size, 

quality,   and  growth   rate.     Other  experiments  planned   Include  control 

of   crystal   shape,   growth   by   controlling  overpetent ia I   and   continuous 

growth  of  material,  of   the   I,aßf]   typo,   which  a. e   representative  ol 

growth   from  solutions  with   low  solute  content. 

A  potentially   important   application  oi   molten   salt   electro- 

chemistry   is   in   the  area   of   epitaxial   growth.     The   lungs,on   bronzes 

will   allow  the explorations  of   both  homo- and  hetcroepltaxial   techniques 

since   the  bronze   lattice   parameter  changes wllh  composition. 
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